rectly, acting through other hormones, and directly by acting on components of the immune system. Melatonin also affects tumorigenesis and tumor development. We hypothesize that many of the indirect effects of melatonin on immune function are mediated through glucocorticoids, and appear to be part of an integrated series of adaptations to manage energy. Direct effects of melatonin on immune function appear to be mediated by melatonin [54, 60, 127, 133] . Melatonin encodes day length (photoperiod) information, and appears to be the primary hormone orchestrating the seasonal changes in reproductive function observed among many vertebrate animals living in mid to high latitude habitats [8, 57] . Because it regulates the onset of puberty, as well as the seasonal pattern of reproductive function and quiescence, melatonin is usually considered to be a reproductive hormone [8, 127] . In addition to reproduction, melatonin also affects a wide range of seemingly unrelated physiological, morphological and behavioral processes.
In this review, the role of melatonin in the integration of immune function within the context of other energy-conserving seasonal adaptations will be emphasized [86] [66, 67, 86, 132, 133] . Melatonin also affects several energy-saving behaviors including nest-building, torpor and food intake [8, 87, 124] . The [7, 65, 67, 133] [7, 127] [27, 109] ), other threats to survival must also be met in order for individuals to increase their fitness [ 113] . They must avoid predators and potentially dangerous interactions with conspecific competitors, as well as avoid succumbing to disease. Melatonin is critical in mediating the seasonal pelage color changes that are necessary for cryptic behaviors required by successful individuals of both prey and predator species [46, 59] . Melatonin also mediates the seasonal decrease of steroid hormones; low blood androgen concentrations reduce agonistic behaviors [108] . For example, communal huddling, an energy-saving behavior, occurs much more frequently among individuals of many rodent species during the winter as compared to summer (e.g. [86, 90] ); these rodents are highly aggressive and territorial during the spring and summer when sex steroid concentrations are high [ 109] . Taken together, melatonin appears to coordinate many seasonal and daily changes in energy use and energy conservation [70] [111, 114] [ 144] and Syrian hamsters (Mesocricetus auratus) [25] . Splenic masses, total splenic lymphocyte numbers and macrophage counts were significantly higher in hamsters exposed to short photoperiod as compared to animals exposed to long photoperiod [25, 142] . Photoperiod did not affect thymic weight or antibody production in hamsters [24] [ 14] . One group was photorefractory and the other group was photostimulated; melatonin prevented the suppression of splenocyte proliferation in photostimulatory birds in the absence of changes in sex steroid hormones [14] .
Few studies have reported the effects of photoperiod on immune function of shortday breeders (e.g. sheep, red deer). Humans may retain minimal reproductive responsiveness to day length [26] . The extent to which humans retain immunologic responsiveness to day length or melatonin remains unspecified. Thus, the importance of melatonin to human immune function or in the clinical treatment of cancer or other immunologic disorders remains unspecified (but see [28] ). Melatonin [105, 111] [ 15, 77] . Adrenalectomy enhances lymphatic organ masses and B-cell activities [129] . The proliferation [131] . However, melatonin plus cortisol added to the media caused a further decline (-75 %) in proliferation rates [ 116] . The thymus gland possesses glucocorticoid receptors [117, 118] .
Previous studies have demonstrated that environmental stressors elevate blood glucocorticoid levels and that high glucocorticoid levels suppress immune function [1, 12, 17, 19, 35, 64, 72] . For example, low ambient temperatures are often perceived as stressful, and can potentially compromise immune function (e.g. [35, 89, 104] [17] .
Recently, the interaction between photoperiod and temperature was examined on antibody levels and splenic mass in male deer mice [39] . Animals [128] ; cf. [96] ). Laboratory strains of mice and rats are not reproductively responsive to photoperiod [27, 112] . Because [4, [120] [121] [122] [123] 126] ). Binding sites on rat splenocytes were located in the cell nucleus, rather than membrane, and display reversibility, high affinity, specificity and light sensitivity, as well as time and temperature dependency [126] .
Importantly [125] . As predicted [60, 93] brains, and also seem to be coupled to G-protein(s) [29] .
Melatonin has been reported to counteract the immunosuppression after exposure to acute stress, drug treatment, certain viral diseases or during aging (reviewed in [60, 91, 92] [143] . Melatonin enhances ADCC [55] . Melatonin has been shown to enhance IL-2, IL-6 and inteferon-y production by human circulating CD4 + cells [53] .
Melatonin may serve as an anti-inflammatory agent [81] . Pinealectomy ameliorates collagen 11-induced arthritis in mice [63] , and has been reported to inhibit humoral immune function and depress bone marrow progenitors for granulocytes and macrophages in mice [74] . Constant darkness enhances autoimmunity to type II collagen and development of collagen-induced arthritis in mice [62] . Low melatonin concentrations were observed 18 days after treatment with mycobacterioal Freund's s adjuvant which induced inflammation of the joints in aged and young rats; melatonin replacement restored the inflammatory response in old rats to the level observed in young animals [30] . Melatonin also appears to inhibit NF-x-B DNA-binding activity in the spleen of rats during the night when endogenous melatonin secretion peaks; exogenous treatment during the light, when endogenous production of melatonin was low, caused a marked reduction in NF-tc-B DNA-binding activity [34] . In general, pinealectomy or constant light exposure inhibits T-cell autoimmunity by eliminating melatonin. Luzindole, a specific melatonin receptor antagonist, suppresses the development of experimental autoimmune encephalomyelitis induced by injection of spinal cord homogenate [36] . Additionally, NK cell activity and IL-2 production are reduced in mice after pinealectomy [38] , and enhanced after melatonin treatment ([28] ] but see [78] ).
In addition to its effects on autoimmune diseases, melatonin also has direct effects on other disease processes. For [50] . Melatonin also protects against septic challenge [146] .
The circadian synthesis and release of melatonin likely modulate antibody response and alter tumorigenesis [55] . At the normal cellular level, melatonin is believed to affect antimitotic processes as well as cytotoxic activity [113] . In mice, the circadian synthesis and release of melatonin plays a significant immunomodulatory role. When the synthesis of endogenous melatonin is blocked, antibody production is depressed; in contrast, transplantation immunity is not affected by pinealectomy [94, 97] . Phar [10, 20, 75] . Pinealectomy of adult male rats results in an elevated mitotic index, as well as in an increase in the incorporation of 32 P into the DNA of the spleen, small intestines, liver and adenohypophyses. The pineal has been suggested to cause a deceleration of the cell division of different tissues [18] .
The effects of melatonin on neoplastic cell proliferation depend on the type of neoplastic tissue examined. In general, melatonin appears to inhibit neoplastic cell proliferation in a dose-dependent way; that is, cloning efficiency diminishes as melatonin doses increase [11, 52, 69] . The data, however, appear to be contradictory [79] . The vast majority of studies suggest that melatonin slows tumor progression or promotion. For example, pinealectomy accelerates the growth of transplanted melanoma in hamsters [61] , of transplanted Walker 256 carcinoma in rats [6, 130] , and of transplanted Yoshida sarcoma in rats [75, 76] . Furthermore, removal of the pineal enhanced the incidence of mammary adenocarcinoma in the rat induced by the chemical carcinogen 9,10-benzanthracene (DMBA), particularly when low doses were used [138] . However, when high doses of DMBA were used, there was no significant difference between pinealectomized or sham-operated animals in the incidence of mammary neoplasms [5] . Transplanted DMBA-induced mammary tumors grew more slowly after melatonin treatment as compared to control rats that did not receive melatonin [9] .
Administration of melatonin to pinealectomized hamsters abolished the effect of pinealectomy on the growth of implanted melanoma [49] . Similarly, tumor development and tumor incidence decreased with the administration of exogenous melatonin to female rats treated with the chemical carcinogen DMBA [5, 138] . The inhibitory effect of melatonin on tumor growth was also demonstrated using a transplantable leukemia in mice, a transplantable mammary tumor in rats, and macrophage and lymphocyte metabolism in Walker 256 tumor-bearing rats (reviewed in [101, 113] ). ).
Melatonin also seems to boost the anti-tumor activities of IL-2 in humans with solid neoplasms [80] .
Recently, melatonin has been reported to be effective in protecting against tumor initiation, through mechanisms that do not directly involve the immune system. The chemical carcinogen, safrole, evokes DNAadduct formation in liver tissue. Both physiological [139] and pharmacological [140] doses of melatonin co-administered with safrole suppressed DNA-adduct [137] . The 
